Improved blue-green electroluminescence of metal-oxide-semiconductor diode fabricated on multirecipe Si-implanted and annealed SiO 2 The defect-enhanced blue-green photoluminescence ͑PL͒ and electroluminescence ͑EL͒ of a metal-oxide-semiconductor ͑MOS͒ diode made on 500-nm-thick Si-ion-implanted SiO 2 (SiO 2 :Si ϩ ) on Si substrate are demonstrated. A multienergy/multidose implantation and 1100°C annealing process is employed to enhance the 415-455 nm PL contributed by weak oxygen bond and neutral oxygen vacancy defects. The Ag/SiO 2 :Si ϩ /n-Si/Ag MOS diode exhibits a negative-differential resistance effect with threshold field strength of 300 kV/cm. The threshold pulsed current of deep-blue EL from Ag/SiO 2 :Si ϩ /n-Si/Ag diode is 280 mA ͑or 3 V͒, which turns to white-light emission at saturation current of 680 mA and further shifts to green as the biased current increases up to 3 A. The 3 dB power decay within 3 h is also observed. © 2004 American Institute of Physics. ͓DOI: 10.1063/1.1739283͔
The luminescent Si-rich SiO 2 ͑Refs. 1 and 2͒ materials fabricated by Si-ion implantation ͑referred to as SiO 2 :Si ϩ ) have been extensively studied, which exhibit distinguished photoluminescence ͑PL͒ at 340-550 nm ͑Ref. 3͒ and 600-900 nm. 4 -7 The mechanisms of defect-and nanocrystals-Si ͑nc-Si͒-related luminescence were subsequently investigated. The near-infrared emission are contributed by the quantum confined nc-Si embedded in SiO 2 :Si ϩ . 8 In contrast, the bluegreen PL peaks are mainly caused by irradiative defects, such as the weak oxygen bond 9 ͓O-O͔ ͑415 nm͒, the neutral oxygen vacancy 10 ͑NOV͒ ͓O 3 ϵSi-SiϵO 3 ͔ ͑450-470 nm͒, the E ␦ Ј defect 11 ͓O 3 ϵSi↑Si-SiϵO 3 ͔ ͑520 nm͒, and the nonbridging oxygen hole center 12 ͑NBOHC͒ ͓O 3 ϵSi-O•͔ ͑620 nm͒. Nonetheless, the study on improving defect-related PL and electroluminescence ͑EL͒ via the modification of implantation recipe and annealing condition were less discussed. In this communication, a multiple-recipe Si-ionimplantation process is employed to obtain a uniformly Sidistributed SiO 2 :Si ϩ layer on Si substrate. Evolution of the blue-green PL spectra contributed by weak oxygen bond, NOV and E ␦ Ј defects during different annealing periods are investigated. The current-voltage and EL characteristics of a thermally annealed Ag/SiO 2 :Si ϩ /n-Si/Ag metal-oxidesemiconductor ͑MOS͒ diode are also studied.
The 500-nm-thick SiO 2 was grown on n-type ͑100͒-oriented Si substrate by plasma enhanced chemical vapor deposition ͑PECVD͒ at a pressure of 400 mTorr with tetraethoxysilane ͑TEOS͒ fluence of 10 sccm, and O 2 fluence of 200 sccm under forward power of 150 W. The multienergy Si-implanting recipes are 5ϫ10 15 ions/cm 2 at 40 keV, 1ϫ10 16 ions/cm 2 at 80 keV, and 2ϫ10 16 ions/cm 2 at 150 keV ͑see Fig. 1͒ . The excess Si atom density is calculated by using a Monte Carlo simulating program ''TRIM.'' In addition, the secondary ion mass spectrometry ͑SIMS͒ of the excess Si profile in the SiO 2 :Si ϩ sample is also performed, which is in good agreement with the TRIM result. The encapsulated thermal annealing of SiO 2 :Si ϩ was performed at 1100°C in quartz furnace with flowing nitrogen gas to activate the irradiative defects in the SiO 2 :Si ϩ . The PL of SiO 2 :Si ϩ was measured using the He-Cd laser with wavelength and power density of 325 nm and 5 W/cm 2 and a fluorescence spectrophotometer ͑Jobin Yvon, TRIAX-320͒. By using a pulsed current source ͑ILX, LDP-3840͒ with period and duty cycle of 10 ms and 10%, the EL of an Ag/SiO 2 :Si ϩ /n-Si/Ag MOS diode with 500 Å thick and 2 mmϫ2 mm square contact is measured with an optical multimeter ͑ILX, OMM-6810B͒ and an integrated sphere detector ͑ILX, OMH-6703B͒.
The PL spectra of SiO 2 :Si ϩ samples before and after annealing at 1100°C from 1 to 4 h are shown in Fig. 2 . After annealing, the PL around 410-460 nm is greatly enhanced, which is never observed from unimplanted SiO 2 and pure Si. Curve fitting of the broadband PL spectrum reveals three peak wavelengths at 415, 455, and 520 nm with associated linewidths of 35, 52, and 150 nm, respectively. The 415-nm-PL emission originates from the oxygen interstitials with weak oxygen bond. 9 The 455 nm luminescence has previously been attributed to the NOV defects. providing by the reaction of O 3 ϵSi-O-SiϵO 3 →O 3 ϵSi-SiϵO 3 ϩO interstitial . The Si implantation not only induces strong displacement of the oxygen bonds but also generates enormous silicon/oxygen interstitials from the damaged lattice. Weak oxygen bond defects transfer from the oxygen interstitials after longer annealing, which is expressed by the reaction of O interstitial ϩO interstitial →O-O. The E ␦ Ј center contributes to the emission at 520 nm, which is basically a SiO 4 vacancy substituted by a single four-valent Si atom. 11 In addition, a redshift of nc-Si dependent PL from 826 to 856. 5 maximum intensity after 3 h annealing is also observed, however, which are much weaker than those from the irradiative defects. It reveals that the present implanting dosage is insufficient to help precipitate high-density nc-Si, giving rise to a lower intensity than that attributed by the irradiative defects.
The variation in PL intensity is plotted as a function of annealing time in Fig. 3 . As annealing time lengthens to 1 h, the activation of NOV defects becomes more pronounced than that of the weak oxygen bond defects. The complete activation of these irradiative defects happened after annealing for 1.5-3 h. The weak oxygen bond defect is initiated after annealing for 0.75 h, while the density of NOV defects linearly increases. After annealing for more than 1.5 h, the PL intensity of NOV defects reaches its maximum. Additional energies are required for the formation of weak oxygen bond defects from the oxygen interstitials. Although the complete activation of the NOV defect occurs earlier than that of the weak oxygen bond defect, the maximum PL intensities of both irradiative defects are within the same order, which corroborates well with the formation mechanism of oxygen vacancies and interstitials in SiO 2 :Si ϩ . The damaged SiO 2 matrix is gradually regrown as the annealing time lengthens and such a crystallite recovery causes the reversed reactions.
The continuous-wave ͑cw͒ and pulsed current-voltage (I -V) measurement of the Ag/SiO 2 :Si ϩ /n-Si/Ag MOS diode is shown in the inset of Fig. 4 . The turn-on voltage and the breakdown field of the MOS diode are 2.8 V and 600 kV/cm, respectively. The cw I -V measurement of the MOS diode further reveals a negative-differential-resistance effect based on carrier tunneling behavior, which has a comparable threshold field strength ͑300 kV/cm͒ to the GaN semiconductors ͑80-150 kV/cm͒. [13] [14] [15] The resistances of the SiO 2 :Si ϩ MOS diode are 7.86 and 0.6142 ⍀ before and after turn-on. In comparison, Yuan and co-workers 16 have observed the visible EL from Ag/native SiO 2 /n-type Si substrate/Al ͑referred to as Ag/SiO 2 /n-Si/Al), in which the EL occurs only under reverse bias conditions when the metal electrode is negatively biased. Bae et al. 1 also reported that the strong EL can only be observed in an Au/SiO x / p-Si structure under reverse-biasing condition. The turn-on voltage of the diode made on Ag/SiO 2 /n-Si/Al MOS diode is up to 50 V. Significantly, the turn-on voltage of the Ag/SiO 2 :Si ϩ /n-Si/Ag diode is only 1/20 smaller than that of an Ag/SiO 2 /n-Si/Al diode. 16 The EL emits photons via impact ionization and subsequent electron-hole recombination processes under a high electric field. The EL power of the SiO 2 :Si ϩ MOS diode driven by pulsed current from 0 to 3000 mA is also shown in Fig. 4 voltage of the MOS diode are 280 mA and 3 V, respectively. The average EL power is increasing to 60 nW at pumping current of 965 mA. By measuring a single luminescent point of the Ag/SiO 2 :Si ϩ /n-Si/Ag diode with a lensed fiber, the power-current ( P -I) slope is determined as 0.15 W/A.
The EL spectrum of the Ag/SiO 2 :Si ϩ /Si/Ag MOS diode is completely different from that of an Ag/SiO 2 /n-Si/Al diode with red luminescence at 620-640 nm. 15 The far-field EL pattern of the SiO 2 :Si ϩ MOS biased at a pulsed current of 3 A is pictured and shown in the inset of Fig. 5 . It is also observed that the EL patterns reveal different colors at different biased conditions. The deep-blue emission is dominated when the diode is operated at nearly threshold, which is the white-light luminescence at close to saturation condition. However, the dominated EL wavelength further lengthens to green region as the biased current increases to 2 A or larger. The enhanced EL of the Ag/SiO 2 :Si ϩ /n-Si/Al sample results from the defect-to-band transition in SiO 2 :Si ϩ . Both the excited states of the weak oxygen bond defects are inversely populated via the tunneling of electrons from the top metal contact and holes from Si substrate at sufficient ͑nearly or above threshold͒ bias. The tunneling electrons and holes consequently recombine and emit the luminescence. The green EL is enhanced only when the biased current ͑as well as the electric field͒ becomes extremely high, which seriously bends the inversion layer and greatly accumulates the holes beneath the SiO 2 :Si ϩ /n-Si interface. This helps the tunneling of holes into NOV and E ␦ Ј defects with higher energy levels, which correlates well with the longer EL wavelengths ͑455-520 nm͒ at higher biased conditions. These results illustrate that the EL mechanism of the Si-rich SiO 2 :Si ϩ layer can only be initiated at reverse bias. 16 The reverse bias condition facilitates the impact ionization of ground states from the injection of the minority holes, which are accumulated in the inversion layer formed beneath the SiO 2 :Si ϩ /n-Si interface. Higher electric field further provides sufficient energies for the electrons and holes to tunnel from the metal and n-Si substrate to the intermediate states in SiO 2 :Si ϩ , which eventually leads to the transition from the intermediate to the ground state and attributes the blueyellow luminescence by the E ␦ Ј and NBOHC defects around 520-620 nm, however, such a high-field impact ionization process inevitably leads to a substrate overheating effect since the cooling of the MOS diode is not efficient. Figure 5 performs the lifetime testing of such an EL emitting diode under pulsed current of 3000 mA. The EL power of the diode with room-temperature TEC cooling has attenuated up to 58% within 3 h, which corresponds to a decaying rate of 1 dB/h.
In conclusion, by using multirecipe implantation, the defect-enhanced blue-green PL and EL of a MOS diode made on the thermally annealed Si-ion-implanted SiO 2 (SiO 2 :Si ϩ ) film on Si substrate with nearly flattened excess Si distribution profile are demonstrated. After longterm annealing, three strong and stable PL peaks at 415, 455, and 520 nm are observed. The optimized annealing time of 3 h for complete activation of the irradiative defects including the weak oxygen bond, the NOV, and the E ␦ Ј centers are reported. The turn-on voltage and the breakdown field of the SiO 2 :Si ϩ -based MOS diode are 2.8 V and 600 kV/cm, respectively. The EL power of the Ag/SiO 2 :Si ϩ /n-Si/Ag MOS diode is linearly increased with the biased current above threshold ͑280 mA͒ and is saturated at about 680 mA. The far-field EL emission pattern of the MOS diode changes its color from deep-blue to white, and consequently to fully green at high biases. The EL lifetime testing of the MOS diode gives decaying time and rate of 3 h and 1 dB/h, respectively. 
